We demonstrate measurement results of the light emission of vertical-cavity surface-emitting lasers (VCSELs) with chiral liquid crystal (CLC) overlay (CLC-VCSEL). Two different CLC materials with different chiral-phase temperature range are presented and compared. The CLC layer acts as an external cavity for the VCSEL for one circular polarization state that results in complex polarization behavior inside the VCSEL cavity. We find that the emission of the device is purely circularly polarized with a degree of circular polarization higher than the degree of linear polarization of the stand-alone VCSEL. The threshold current of the CLC-VCSEL is decreased, and the emission wavelength of the CLC-VCSEL can be temperature tuned over a larger range compared with that of the stand-alone VCSEL. Numerical results reveal that the small reflection at the top CLC has a much larger influence on the laser dynamics than the stand-alone configuration.
Introduction
For many applications, ranging from optical sensing to optical communication, active control of the emission properties of vertical cavity surface emitting lasers (VCSEL) is desired. Broadband tuning of the emission wavelength may be used for accurate spectral measurements, while polarization switching may be used in reconfigurable optical communication systems. Different ways to achieve this have been studied. Theoretical and experimental work on controlling the polarization state and emission wavelength of VCSELs has been reported in [1] - [4] . We have recently reported theoretically [5] and experimentally [6] a combined system of a VCSEL and a thin layer of liquid crystal (LC). This integrated LC-VCSEL can offer extended functionality compared to a common VCSEL, by separately driving the LC layer. In the previous work, only standard, non-chiral nematic LC materials have been considered. Such a nematic LC can be doped with a few percent of chiral dopant in order to obtain a chiral liquid crystal (CLC) material which has a helical arrangement of the molecules [7] . The concentration of the chiral dopant can be adjusted such that the material exhibits a reflection band for visible or near-infrared light for one circular polarization (either right-or lefthanded depending on the chiral dopant).
CLC, when doped with dye molecules and optically pumped, can provide efficient and tunable lasing [8] , [9] . Optical feedback necessary for lasing is realized by the CLC band gap for circular polarized light with the same handedness as the CLC helix. The emission polarization has the opposite handedness of the CLC which is reported in [10] . To fully understand the mechanism of the system and the principle of the temperature behavior, we present in this manuscript experimental measurements of the polarization, threshold current and emission wavelength of the CLC-VCSEL devices for two different CLC materials based on different nematic host LCs, 5CB and E7. We present these measurements at different temperatures and compare to the results of the stand-alone VCSELs without CLC overlay. We also discuss theoretical calculations of the threshold gain and electric field profiles in this complex coupled system to explain the measurement results.
Technology and Experimental Setup
A single mode VCSEL chip (ULM850-SingleMode_OM-v14) emitting at 850 nm wavelength is incorporated between two glass plates according to the procedure described in [6] . The top glass substrate is covered with a uniform transparent conductor Indium Tin Oxide (ITO) and a photoalignment layer, while the bottom glass substrate is covered with only a layer of ITO. The anode and cathode of the VCSEL are electrically connected to the top and bottom ITO, respectively, through micro sized gold coated silica spheres embedded in UV cured optical glue. The side view of the device is schematically shown in Fig. 1(a) . As there is no separate electrode for the LC, there is no voltage drop across the CLC layer enclosed between the VCSEL output facet and the ITO layer of the upper glass substrate. The thickness of the CLC overlay is 10 m. The right-handed CLCs are prepared by mixing a chiral dopant (BDH1305 from Merck) in the nematic LC 5CB or E7 (also from Merck). For a dopant concentration of 3.2 wt% in 5CB and 3.6 wt% in E7, respectively, the emission of the VCSEL is in the reflection band of the CLC. This is verified by measuring the transmission spectrum of the CLC between two glass plates for right-handed circular polarization (RCP) light. Fig. 1(b) shows the transmission spectrum at different temperatures for the case of 5CB host material. It is observed that the CLC selectively reflects RCP and transmits left-handed circular polarization (LCP). Pure 5CB has a nematic LC phase between 24 C and 35.3 C. As shown in Fig. 1(b) , the reflection band of 5CB host CLC disappears when temperature is above 33 C, which is very close to the phase transition temperature of pure 5CB. In contrast, pure E7 has a much broader nematic range which is from À10 C to 60.5 C. Therefore, the reflection band of E7 host CLC disappears at about 60 C. The experimental setup is shown in Fig. 2 . It is designed to characterize different optical properties of the VCSEL cell emission simultaneously: polarization state, threshold current and emission wavelength. The light beam propagates along the z direction. The quarter wave plate (with azimuth of the fast axis ) and the linear polarizer with azimuth ' are parallel to the x-y plane with reference 0 parallel to the x axis. The 0 reference is chosen to be parallel with the dominant polarization direction of the stand-alone VCSEL emission. Convex lenses are used to transform the emission of the VCSEL into a parallel beam and to focus the transmitted beam onto a spectrometer or a photo-detector, which is connected to a calibrated power meter. The temperature of the VCSEL cell is controlled by a temperature controller (with Peltier element).
Experimental Results

5CB Host Material
In this section, measurements are presented for a cell with CLC based on 5CB. The polarization state of the emission of the stand-alone VCSEL (before CLC is filled in the cell) and CLC-VCSEL (after CLC is filled in) is measured at different temperatures using a fixed driving current of 1.6 mA which is well above the threshold current. The reflection of the top glass plate without CLC material is only a few percent and this reflection has very little effect on the laser emission which is confirmed by measurements. Fig. 3 (a) compares the optical power as a function of the orientation of the linear polarizer for the stand-alone VCSEL, the CLC-VCSEL and a VCSEL followed by a separated CLC layer at 25 C (the quarter wave plate is removed from the setup). In the latter case, the reflection from the CLC layer is not coupled back into the VCSEL's active region. It is observed that both the CLC-VCSEL and a VCSEL followed by a separate CLC layer emit circularly polarized light. But the latter's optical intensity is drastically lower than the one from the CLC-VCSEL, because one half of the intensity of RCP in the LP is lost by reflection and is not coupled back into the VCSEL. In contrast, the CLC-VCSEL has an even higher total optical power than stand-alone VCSEL under the same driving current, which is confirmed in Fig. 4(a) . This phenomenon indicates that the CLC in the CLC-VCSEL provides effective optical feedback by reflecting one circular polarization mode back to VCSEL. All Stokes parameters are extracted from optical power measurements for different orientations of the quarter wave plate and the linear polarizer according to the procedure in [6] . The results are shown in Fig. 3(b) . The emission of the stand-alone VCSEL is elliptically polarized, but with one axis of the ellipse being much smaller than the other one. In other words the emission is almost linearly polarized. Below 27 C the emission of the CLC-VCSEL is very close to left-handed circular polarization. In contrast, the polarization at temperatures higher than 29 C is close to linear polarization. This transition is attributed to the transition of the nematic to the isotropic phase of the liquid crystal. It is noted that this transition temperature is lower than the temperature for which the reflection band disappears for 5CB host CLC which is 33 C shown in the measurements in Fig. 1(b) . We attribute this difference to a difference between the temperature displayed on the temperature controller and the real temperature in the CLC layer due to the local heating effect of the electrical pumping of the VCSEL. This local temperature difference can be 2 C to 5 C depending on the driving current. This is confirmed by the threshold current and spectral measurements that will be discussed later in this section. When the CLC is in the isotropic phase, the CLC does not affect the emission of the VCSEL and the polarization corresponds with the standalone VCSEL [presented by empty markers in Fig. 3(b) ], which remains close to linear polarization at different temperatures. Noteworthy is the fact that the degree of circular polarization (represented by the Stokes parameter s3) at lower temperatures reaches a higher value than the degree of linear polarization (represented by Stokes parameter s1 or s2) at higher temperatures. This means that the CLC layer can be used to increase the purity of the polarization state of the VCSEL. A detailed study of the polarization state of bare VCSEL chips of the same series can be found in [6] .
The output power is measured for the stand-alone VCSEL (before CLC is filled in the cell) and the CLC-VCSEL as a function of VCSEL driving current. The results are shown in Fig. 4 . The threshold current is calculated by searching the intersection point with the x -axis using a least square linear regression for the linear part of the P-I curve. At room temperature [25 C, shown in Fig. 4(a) ] the calculated threshold current is 0.49 mA and 0.37 mA for stand-alone VCSEL and CLC-VCSEL, respectively. So the threshold current of the CLC-VCSEL is lowered by about 25% compared with the stand-alone VCSEL. At temperatures higher than 30 C, the CLC does not play a role and the threshold current of the CLC-VCSEL follows the trend of the threshold current of a stand-alone VCSEL. But the dependence of threshold current on temperature for the CLC-VCSEL does not follow the one of the stand alone VCSEL for lower temperatures. This difference is confirmed by comparison with a bare VCSEL sample of the same product series [shown as a reference in Fig. 4(b) ]. The evolution of threshold current with temperature is attributed to a number of effects of which the most important ones are the changes in carrier density and gain offset of the VCSEL [11] - [13] . Apparently in our samples, the wavelength spacing between the cavity resonance and the gain peak decreases with temperature and reaches its minimum when temperature is higher than 32 C. The emission spectra are measured for the stand-alone VCSEL and the CLC-VCSEL at different temperatures and the emission wavelengths are shown in Fig. 5 . It is observed that the wavelength red-shifts as temperature or driving current is increased. For the CLC-VCSEL, the slope of the curve changes at the phase transition from CLC nematic phase to isotropic phase. The slope of the wavelength versus temperature curve at a certain current is about þ0.04 nm/K for the stand-alone VCSEL and þ0.08 nm/K for the CLC-VCSEL (indicated by solid and dotted black lines in Fig. 5 ). It reveals that the temperature based wavelength tuning of CLC-VCSEL is larger than for the standalone VCSEL.
E7 Host Material
In this section, measurements are presented for a cell with CLC based on E7. Because the phase transition temperature of E7 is 60.5 C, which is higher than the maximum obtainable temperature in our setup, no transition is observed in the measurements. The polarization of the CLC-VCSEL remains left-handed circular in the whole measurement range from 20 C to 50 C. The optical power measurements for stand-alone VCSEL and CLC-VCSEL at 25 C are shown in Fig. 6 . Using the same calculation method for CLC in 5CB, the threshold current is 0.40 mA and 0.32 mA for stand-alone VCSEL and CLC-VCSEL, respectively. So, the threshold of CLC-VCSEL is about 20% lower than that of stand-alone VCSEL. The emission spectra are measured for the stand-alone VCSEL and the CLC-VCSEL at different temperatures and the emission wavelengths are shown in Fig. 7 . Similar to the CLC based on 5CB, the wavelength red-shifts as temperature or driving current increase. The slope of the wavelength versus temperature at a certain current is about þ0.04 nm/K for the stand-alone VCSEL and þ0.07 nm/K for the CLC-VCSEL (indicated by solid and dotted black lines in Fig. 7) .
The measurements above demonstrate that a compound CLC-VCSEL is realized using either 5CB or E7 as host for the CLC. In both cases, the emission from the device shows advantages compared to the stand-alone VCSEL: the CLC-VCSEL emits circularly polarized light with higher purity, lower threshold current and broader temperature-based wavelength tuning. But due to the different properties of the LC materials, the CLC-VCSEL has different temperature dependent behaviors. Because 5CB has a phase transition temperature at 35 C, the 5CB based CLC-VCSEL shows a transition of emission properties at this temperature. In contrast, E7 has a much broader nematic range which allows the E7 based CLC-VCSEL to have stable emission properties in this range.
Theoretical Simulations and Discussions
To understand and predict the emission properties of the CLC-VCSEL device, theoretical simulations of the electric fields inside the system are performed using the plane wave expansion method described in [9] which is further extended for the simulation of lasing characteristics of devices with optical anisotropy [14] . The simulated configuration together with the values of the different material properties can be found in [5] . The threshold is calculated by increasing the optical gain of the active region until the roundtrip gain reaches one. For this threshold gain, the electric field vectors in each layer along the z direction are calculated. The simulation results are presented in Fig. 8 . The total optical intensity along x ðjE x j 2 Þ and y ðjE y j 2 Þ axis is presented in Fig. 8(a) and (b). The phase difference between the two electric components propagating towards positive z direction, È x À È y , is shown in Fig. 8(c) . The propagating fields towards positive and negative z direction are separately presented in Fig. 8(d) and (e) . The CLC-VCSEL emits left-handed circularly polarized light which is concluded from the amplitude and phase difference shown in Fig. 8(b) and (c). The contrast between x and y electric fields inside the VCSEL is lower than for a stand-alone VCSEL which indicates that the CLC and VCSEL are strongly coupled and form a new system. It is noted that the optical reflection provided by the CLC overlay is comparable with the reflection by the bottom DBR in the VCSEL [indicated by the dashed lines in Fig. 8(d) and (e)] which means that the CLC layer provides an effective optical feedback. Since the reflectivity is selectively increased it can be understood that the circularly polarized emission from the CLC-VCSEL results in a lower threshold compared to the standalone VCSEL. Indeed the simulation shows that the CLC-VCSEL has 12.8% lower threshold gain than the stand-alone VCSEL which corresponds with the measurement results. Important to note is that only the right circularly polarized wave is reflected by the CLC layer. The left circularly polarized wave can propagate through this layer. Intuitively one might expect that the whole device will start lasing in the right circular polarization as this polarization experiences a larger reflection from the top DBR and CLC layer. However, this does not occur, because a right (left) circularly polarized wave is transformed into a left (right) circularly polarized wave when reflected on a metallic or dielectric mirror. Only for reflection onto a CLC layer the handedness of the circular polarization is preserved. The transformation of the handedness by the bottom DBR stack is the reason why the behavior of the electric field components in Fig. 8(b) , (d) and (e) is so complicated. Instead of decomposing the field along x and y , it is interesting to decompose the electric fields into left and right circularly polarized (LCP and RCP) modes. The fields for left and right circularly polarized modes, that are propagating in the positive and negative z direction, are presented in Fig. 9(a) and (b) . Inside the VCSEL the light is mainly linearly polarized along the x -axis, which leads to equal amounts of LCP and RCP. Inside the CLC RCP light cannot propagate and the evanescent field decreases exponentially in the z-direction. The slope of the exponential decay in Fig. 9 (b) can be analytically calculated based on the theory in [15] and the material parameters of CLC. The slope estimated from Fig. 9(b) corresponds to the logarithm of the intensity of RCP light. For a sufficiently large value of the CLC thickness (larger than 3 m), the intensity of RCP light decreases exponentially with z:
where
. n e and n o are the refractive index of the host LC material, is the wavelength and p is the pitch of CLC. Using the same values of n e , n o , and p as in the simulation, we get the slope of logI, which is À2s, from Eq. (1). It agrees with the value of the slope calculated from Fig. 9(b) . It is clear from this analysis that practically all of the RCP light is reflected back into the VCSEL.
We notice that a small amount of LCP (about 0.1%) is reflected at the interface of CLC and the top glass substrate and propagates back to the VCSEL. This phenomenon is important to explain the broader temperature tuning wavelength for CLC-VCSEL shown in Figs. 5(b) and 7(b), which will be further discussed below. The output light is LCP which is three orders of magnitude larger than RCP.
The increased emission wavelength versus temperature slope of CLC-VCSEL is an effect which cannot be found by incorporating the refractive index changes with temperature of the different materials used. For the semiconductor materials in the stand-alone VCSEL, a refractive index increasing rate of 2 Â 10 À4 =K is considered. For the liquid crystal, the variation in refractive index with temperature is taken from [16] However, the increased wavelength versus temperature slope of the CLC-VCSEL can be found in simulations when increasing the pitch of the CLC helix with increasing temperature due to an increase of the CLC layer thickness. This distance change is in the order of 10 nm per C but varies between samples. Incorporating a CLC layer thickness change in the simulations (while keeping the number of pitches the same) results in the simulation and measurement results presented in Fig. 10 . Fig. 10 shows that the emission wavelength periodically increases as a function of the pitch for different thicknesses of the CLC layer. This period can be ascribed to the reflection of the LCP light at the interface between the CLC and the glass substrate. The period of 14 nm (for 10 m thick CLC) or 7 nm (for 20 m thick CLC) of pitch corresponds with a phase difference of 2 between the incident and the reflected LCP. The pitch is inversely proportional to the CLC thickness, which indicates that the small reflection at the CLC/ITO/glass interface plays an important role. With a CLC layer thickness variation of 10 nm per C the wavelength change with temperature can be explained. Fig. 11 shows the emission wavelength variation as a function of temperature for two different cases. The blue curve shows the variation of the emission wavelength for a bare VCSEL taking into account the 2 Â 10 À4 =K refractive index variation. The red curve shows the emission wavelength for a VCSEL with a CLC layer. The temperature variation is clearly stronger in the latter case. Because the pitch in the measurement temperature range remains below one period, the wavelength tuning is monotonic. The simulation for the 5CB host CLC is not presented here but is very similar to the E7 host CLC.
Conclusion
The emission properties of the CLC-VCSEL are investigated for different kinds of LC hosts. The experimental results show that the CLC-VCSEL has several advantages: its circular polarization has a higher purity than the linear polarization of a stand-alone VCSEL, the threshold current is lowered and the temperature-dependent emission wavelength can be tuned over a broader range within the same temperature interval. These properties can provide applications which require higher polarization purity, lower energy consumption and broader wavelength tuning.
